Abstract DNA methylation is an epigenetic mechanism that can inhibit gene transcription. The aim of this study was to assess changes induced by an obesogenic diet in the methylation profile of genes involved in adipose tissue triacylglycerol metabolism, and to determine whether this methylation pattern can be altered by resveratrol and pterostilbene. Rats were divided into four groups. The control group was fed a commercial standard diet, and the other three groups were fed a commercial high-fat, highsucrose diet (6 weeks): the high-fat, high-sucrose group, the resveratrol-treated group (RSV; 30 mg/kg/day), and the pterostilbene-treated group (PT; 30 mg/kg/day). Gene expression was measured by RT-PCR and gene methylation by pyrosequencing. The obesogenic diet induced a significant increase in adipose tissue weight. Resveratrol and pterostilbene partially prevented this effect. Methylation pattern of ppnla2 and pparg genes was similar among the experimental groups. In fasn, significant hypomethylation in -90-bp position and significant hypermethylation in -62-bp position were induced by obesogenic feeding. Only pterostilbene reversed the changes induced by the obesogenic diet in fasn methylation pattern. By contrast, the addition of resveratrol to the diet did not induce changes. Both phenolic compounds averted fasn upregulation. These results demonstrate that the up-regulation of fasn gene induced by an obesogenic feeding, based on a high-fat, high-sucrose diet, is related to hypomethylation of this gene in position -90 bp. Under our experimental conditions, both molecules prevent fasn up-regulation, but this change in gene expression seems to be mediated by changes in methylation status only in the case of pterostilbene.
Introduction
Epigenetic processes are those that act to regulate heritable changes in gene activity through remodelling of chromatin, but are not accompanied by changes in the DNA coding sequence. Major epigenetic mechanisms include DNA methylation, nucleosome remodelling, and histone modifications. DNA methylation involves the addition of a methyl group to the fifth position of cytosine in the context of CpG dinucleotides, which are underrepresented in DNA. Clusters of CpGs, called CpG islands, are often found in association with genes, most often in the promoters and first exons Takai et al. 2001) . Methylation of these CpG islands prevents gene transcription through different mechanisms in mammals. It can directly repress transcription by blocking the binding of transcriptional activators to cognate DNA sequences. Moreover, methyl-CpG-binding proteins (MBPs) directly recognize methylated DNA and recruit corepressors to silence transcription and to modify surrounding chromatin (Klose and Bird 2006) . Epigenetic mechanisms such as DNA methylation have an implication in gene expression regulation, and they have become an interesting topic in the onset, development, and therapy of several diseases. Although epigenetic changes take place mainly during embryogenesis (Morgan et al. 2005) , gestation, and lactation , it has been demonstrated that some environmental changes could also induce variations in DNA methylation profile during adult life (Paternain et al. 2012) .
Diet is one of the most determining modifiable environmental factors that affect epigenome (Park and Lee 2013) . It has been reported that a wide range of dietary factors, which includes nutrients (folic acid, vitamin B 12 , choline, methionine, fatty acids) and some bioactive food components (polyphenols) (Campión et al. 2010; Supic et al. 2013) , can modify gene methylation. This methylation pattern can also be modified by the percentage of macronutrients in the diet (cafeteria diets rich in fat, diets rich in sucrose) (Milagro et al. 2009; Lomba et al. 2010a, b) . With regard to polyphenols, several studies have shown that these molecules can modify gene methylation patterns, mainly in cancer prevention (Link et al. 2010; Henning et al. 2013; Saha et al. 2013 ), but very scarce data concerning adipocyte and adipose tissue genes have been reported (Boqué et al. 2013; Alberdi et al. 2013) .
In the previous studies from our laboratory, we observed significant reductions in body fat in rats fed an obesogenic diet and treated with resveratrol (Macarulla et al. 2009; Arias et al. 2011; Miranda et al. 2013; Gómez-Zorita et al. 2013) or pterostilbene, a dimethyl ether derivative of resveratrol (manuscript submitted). Interest in pterostilbene is based on the fact that the substitution of a hydroxy with a methoxy group in polyphenols increases the transport into cells and increases the metabolic stability of the molecule (Wen and Walle 2006) . Thus, the low bioavailability showed by resveratrol is increased in the case of pterostilbene (Kapetanovic et al. 2011) .
In this context, the aim of the present work was to assess changes induced by an obesogenic diet in the methylation of genes involved in white adipose tissue triacylglycerol metabolism, and to determine whether this methylation pattern can be altered by resveratrol and pterostilbene.
Materials and methods

Animals, diets, and experimental design
The experimental procedure used in the present study followed the guidelines of the Animal Usage of the University of Basque Country (CUEID CEBA/30/2010). Six-week-old male Wistar rats (Harlan Ibérica, Barcelona, Spain) were individually housed in polycarbonate metabolic cages (Techniplast Gazzada, Guguggiate, Italy). Animals were housed in a temperature-controlled facility (22 ± 2°C) and maintained under a 12:12-h light-dark cycle per day. After a 6-day adaptation period, the animals were randomly divided into four groups (n = 8 per group) and fed the experimental diets for 6 weeks. Experimental diets were supplied by Harlan Ibérica (Barcelona, Spain). One group (control group) was fed a commercial standard diet (TD.06416), which provided 3.7 kcal/g and 10 % of calories as fat. The other three groups, high-fat, high-sucrose group (HFS), resveratrol-treated group (RSV), and pterostilbene-treated group (PT), were fed a commercial highfat, high-sucrose diet (obesogenic diet) (TD.06415), which provided 4.6 kcal/g and 45 % of kcal as fat. In RSV and PT groups, resveratrol or pterostilbene was added to the fresh diet daily, as previously described by Macarulla et al. (2009) in amounts that ensured a dose of 30 mg/kg body weight/day.
Body weight and food intake were measured daily. At the end of the experimental period, rats were killed after an overnight fast under anesthesia (chloral hydrate) by cardiac exsanguination. Adipose tissues from epididymal, perirenal, mesenteric, and subcutaneous regions were dissected and weighed and then immediately frozen. All samples were stored at -80°C until analysis.
Epigenetic study
Selection of relevant genes
For the epigenetic study, it was decided to include genes that satisfied the following two criteria: (a) genes involved in triacylglycerol metabolism, such as the lipoprotein lipase (lpl), fatty acid synthase (fasn), acetyl-CoA carboxylase (acaca), hormone-sensitive lipase (lipe), adipose tissue triglyceride lipase (pnpla2), sterol-regulatory-element-binding transcription factor 1 (srebf1), or peroxisome proliferator-activated receptor c (pparg), and (b) genes with at least one CpG island in the gene promoter or first exon. The CpG Island Searcher Program (http://cpgislands. usc.edu) was used to identify which genes had CpG islands. Based on the fulfillment of these two criteria, only fasn, pnpla2, and pparg genes were selected for methylation analysis.
DNA samples
About 150 mg of perirenal adipose tissue samples was used for DNA extraction. Isolation of DNA was performed using QIAamp DNA Investigator Kit (Qiagen, Valencia, USA; Cat. No. 56504) following the manufacturer's instructions.
Pyrosequencing
For the pyrosequencing analysis, 1 lg of genomic DNA was bisulfite-converted using the Ez DNA Methylation Gold-Kit (Zymo Research; D5005; Irvine, CA, USA) according to the manufacturer's protocol. Primers for fasn, pnpla2, and pparg were designed using the Assay Design Software (Qiagen, Valencia, USA) and synthesized by Fisher Scientific (Pittsburgh, PA). For each gene, four, three, and two fragments were analyzed, respectively. PCR amplifications were performed using Qiagen HotStar Taq Plus DNA polymerase kit reagents (Qiagen, Valencia, USA), 7.5 lM biotinylated primer, 15 lM non-biotinylated primer, and 2 ll of bisulfitetreated DNA (60 ng). PCR conditions were as follows: 5 min at 95°C for enzyme activation followed by 40 cycles of denaturation for 30 s at 95°C, annealing for 30 s at 58°C and extension for 30 s at 72°C, with a final extension of 2 min at 72°C. PCR primer sequences and sequencing primer sequences are given in Table 1 . The quality and quantity of the PCR product was confirmed by agarose gel (1 %) electrophoresis before the cleanup and pyrosequencing analysis. Pyrosequencing was carried out using the PyroMark Gold Q96 Reagents (Qiagen, Valencia, USA) on a PyroMark MD pyrosequencer (Qiagen, Valencia, USA), and the methylation level was calculated using the Pyro Q CpG software (Qiagen, Valencia, USA).
Functional analysis
ALGGEN-PROMO (http://alggen.lsi.upc.es) bioinformatic program was used to identify potential transcription factors at those CpG sites that showed significant differences in the methylation level among groups. RNA extraction for expression analysis (Alberdi et al. 2011) . PCRspecific primers were synthesized commercially (Integrated DNA Technologies, Leuven, Belgium): mRNA levels in all samples were normalized to the values of b-actin, and the results are expressed as fold changes of the threshold cycle (C t ) value relative to the controls using the 2 ÀDDC t method (Livak and Schmittgen 2001) . Three technical replicates of each PCR were done for each sample, and the specificity of a quantitative PCR assay was confirmed by dissociation curve.
Nuclear DNA methyltransferase (DNMT) activity assay Nuclear protein was extracted from perirenal adipose tissue (300 mg) using RIPA buffer (100 ll). About 15 lg nuclear proteins of each sample was used to measure DNMT activity by the EpiSeeker DNMT Activity Quantification Kit (ABCAM, Cambridge, UK; Cat. ab113467) following the manufacturer's protocol with minor modifications. Briefly, first incubation time was increased to 3 h. Incubation conditions were 37°C with constant orbital shaking. The results were calculated as optical density/h/mg according to the manufacturer's instructions.
Statistical analysis
Results are presented as mean ± SE of the means. Statistical analysis was performed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Analysis of variance (ANOVA) was used to determine the presence or absence of significant differences (P \ 0.05) in the analytical variables among the four groups of animals with different diets. Mixed linear model was used including ''diet'' as fixed effect and ''animal'' as random effect. The Tukey's test was used as a post hoc test for multiple comparison analyses among the four groups of animals. Correlation analysis was performed using Pearson's correlation coefficient to determine the relationships between fasn methylation in different positions and fasn expression (expressed as D C t ). Statistical significance was set up at P \ 0.05.
Results
Body weight and adipose tissue weights
High-fat, high-sucrose feeding resulted in increased body weight as compared to control diet-fed animals. When obesogenic diet supplemented with resveratrol or pterostilbene was fed to the rats, significantly lower body mass was observed in the resveratrol-and pterostilbene-offered groups compared to the HFS group. No differences in energy intake among the three HFS-fed animals were found, and all these groups showed higher caloric intakes than their standard diet-fed counterparts ( Table 2) .
The obesogenic diet induced a significant increase in adipose tissue weight in all the anatomical locations analyzed. When resveratrol or pterostilbene was included in the diet, an important reduction in all the adipose depots, except for epididymal adipose tissue in animals fed RSV-supplemented diet, was observed. These molecules prevented the increase in fat accumulation induced by the obesogenic diet but only partially because adipose tissue weights in RSV and PT groups were higher than those in control rats. When comparing resveratroland pterostilbene-treated rats, statistical differences were only detected in the sum of epididymal ? perirenal ? mesenteric adipose depots. PT group presented an additional 16 % reduction in the visceral fat (Table 2) .
DNA methylation
Taken as a whole, the methylation pattern of ppnla2 and pparg genes was not significantly different among the four experimental groups (data not shown). With regard to fasn, no relevant differences in total methylation status were found among the groups (79-80 % methylation for all the groups) in the perirenal adipose tissue. However, some variations were observed in specific DNA positions. All the changes observed in HFS, RSV, and PT groups when compared with the control group, expressed as percentage, are summarized in Table 3 . Only those higher than 5 % were considered since this is the sensitivity threshold of the pyrosequencing assay.
As far as obesogenic feeding is concerned, when rats from HFS group were compared to the control group, significant hypomethylation in -90-bp position (P \ 0.001) and significant hypermethylation in -62-bp position (P \ 0.01) were observed ( Fig. 1; Table 3 ). The addition of resveratrol and pterostilbene to the obesogenic diet led to different methylation patterns of fasn. In the case of pterostilbene, according to changes in positions -90 bp and -62 bp, it can be stated that this molecule reversed the changes induced by the obesogenic diet ( Fig. 1; Table 3 ). By contrast, when HFS group was compared to the RSV group, no significant changes in the methylation status were observed ( Fig. 1; Table 3 ).
In the four experimental groups, methylation status was lower in positions after the TSS (?754 bp to ?956 bp) (average methylation 66 %) than in the rest of the promoter region (average percentage 90.5 %) (Fig. 1 ). This fits with a canonical pattern of methylation (Davies et al. 2012 ).
Gene expression of fatty acid synthase
Fasn expression was significantly increased (fivefold) in rats fed the obesogenic diet (HFS group) as compared to the control rats. Resveratrol and pterostilbene prevented this effect. Thus, expression values in these two groups were significantly lower than that of the HFS group, but similar to that of control rats (Fig. 2) .
Correlation analysis between methylation and expression in fasn gene
Pearson's correlation coefficients were calculated when significant differences in fasn methylation status were found between groups (Fig. 1) . Significant correlations were only found in -90-bp position when control and HFS groups (P = 0.01; Pearson's coefficient: 0.708), as well as HFS and PT groups (P = 0.05; Pearson's coefficient: 0.648) were considered (Fig. 3) .
Nuclear DNA methyltransferase activity Nuclear DNA methyltransferase (DNMT) activity showed a decrease in HFS group when compared with the control group, which showed a P = 0.061. No differences were found among the other three experimental groups (Fig. 4) . Table 2 Body weight, energy intake, and adipose tissue weights of rats fed control diet or high-fat, high-sucrose diets supplemented or not with resveratrol or pterostilbene for 6 weeks 
Data for each CpG site represent the mean percentage of methylation change compared to the control group HFS high fat high sucrose, RSV resveratrol, PT pterostilbene Genes Nutr (2014) 9:411 Page 5 of 9 411
Discussion
As expected, feeding a diet rich in fat and sucrose led to increased energy intake and, consequently to increased fat accumulation, as observed when rats from HFS group were compared with rats fed the control diet. The addition of resveratrol or pterostilbene in the HSF diet at a dose of 30 mg/kg/day prevented this effect, but only partially because rats in groups RSV and PT did not reach the values showed by control animals in body weight and adipose tissue weights. In general terms, no important differences were observed between both phenolic compounds. As explained in the ''Materials and methods'' section, in the present study, we were interested in the methylation of lpl, fasn, acaca, lipe, pnpla2, srebf1, and pparg because these genes play important roles in the control of triacylglycerol metabolism in adipose tissue. Moreover, these genes have been shown to be targets for resveratrol (Rivera et al. 2009; Szkudelska and Szkudelski 2010; Baile et al. 2011; Kim et al. 2011; Alberdi et al. 2011; Gómez-Zorita et al. 2012; Lasa et al. 2012) . Nevertheless, when CpG-rich areas were investigated, we observed that only fasn, pnpla2, and pparg genes showed these areas near to the gene promoter. Consequently, only these three genes were studied.
The pattern of methylation showed by pnpla2 and pparg in control rats was not altered in rats from HFS, RSV, and PT groups, suggesting that under the present dietary conditions, this epigenetic mechanism was not important in the regulation of these genes. By contrast, several changes were observed in fasn. Thus, the following discussions will focus on this gene.
Feeding a high-fat, high-sucrose diet led to a significant increase in fasn expression. It is well documented that while high-fat diets decrease the expression of this gene (Duran-Montgé et al. 2009; Jiang et al. 2009 ), diets rich either in simple carbohydrates (sucrose) or carbohydrates with high glycemic index induce an increase (Kim and Bars not sharing common letter are significantly different (P \ 0.05). Fasn fatty acid synthase, HFS high-fat, high-sucrose Kabir et al. 1998; Morris et al. 2003) . It seems that in the present study, the effect of high-sucrose content was greater than that of high-fat content, and the final effect was an up-regulation of fasn. These results agree with those reported by Yang et al. (2012) when using this type of diet. Taking into account that this enzyme catalyzes the synthesis of long-chain fatty acids from acetyl-CoA and malonyl-CoA, and thus, it is one of the rate-limiting enzyme in de novo lipogenesis, it can be proposed that the increase in body fat induced by the highfat, high-sucrose diet was due, at least in part, to increase in fatty acid synthesis.
Obesogenic diet induced significant DNA methylation changes with respect to the controls. We observed a mild but significant methylation increase in -62-bp position, while a decrease in -90 bp, being only this one significantly correlated with the overexpression of fasn. It has been previously reported that small methylation changes can be associated with gene expression variability that exert significant effects on phenotype (Irizarry et al. 2009 ), and even if we think that not all the expression change observed for fasn should be attributed to this methylation change at position -90 bp, we believe that it truly contributed to the downregulation of fasn. Interestingly, nuclear DNMT activity showed a similar pattern of response to DNA methylation level at -90 bp, this meaning that it could be a mechanism, among others, which justifies the observed effects of high-fat, high-sucrose feeding and pterostilbene on fasn methylation.
To better understand the mechanism by which DNA methylation level in the -90-bp position of fasn could be related to the decrease in gene expression, we searched for consensus response elements around this -90-bp position; this -90-bp position of fasn promoter is a binding site for Sp1, an ubiquitous transcription factor that acts as a glucose sensor (Vaulont et al. 2000) . It has been demonstrated that Sp1 is crucial for fasn gene promoter activity in adipocytes (Rolland et al. 1996) . Consequently, the influence of the observed methylation status changes on the regulation of fasn transcription mediated by Sp1 cannot be discarded. Fig. 3 Pearson's correlations between percentage of DNA methylation and gene expression for fasn in rats from control and HFS groups (a) and in rats from HFS and PT groups (b) were compared. Statistical significance was set up at P \ 0.05. HFS high-fat, high-sucrose, PT pterostilbene Fig. 4 Nuclear DNA methyltransferase activity in perirenal adipose tissue of rats fed a control diet or high-fat, high-sucrose diets supplemented or not (HFS) with resveratrol (RSV) or pterostilbene (PT) for 6 weeks. Values are presented as mean ± SE of the means. OD optical density Hypomethylation of fasn induced by a high-fat, highsucrose feeding was previously reported by Uriarte et al. (2013) . When comparing this study with the present one, two important issues should be underlined. On the one hand, Uriarte et al. observed hypomethylation in fasn after 20 weeks of feeding a high-fat, high-sucrose diet. In the present study, this effect was observed after 6 weeks of the same dietary treatment, meaning that this epigenetic mechanism does not need very long periods to take place. On the other hand, the method used by Uriarte et al. to measure DNA methylation (MALDI-TOF mass spectrophotometry) was different from that used in the present study. The fact of finding similar results by using two methods with differences in specificity, sensibility, and accuracy reinforces the hypomethylating action of this dietary pattern on fasn.
Resveratrol and pterostilbene treatments led to significant decreases in fasn expression. mRNA levels found in RSV and PT groups were not different from those found in the control group, meaning that these molecules totally prevented the alteration induced by the obesogenic diet. This effect was involved, at least in part, in the obesity prevention action showed by these phenolic compounds. As far as resveratrol effects are concerned, the methylation pattern in the investigated regions of fasn gene remained unchanged in RSV group when compared with the HSF group, suggesting that gene expression changes were not likely to be associated with modifications in DNA methylation. By contrast, pterostilbene reversed the changes induced by the obesogenic diet in positions -90 and -62 bp, and the percentage of methylation in these regions was similar in PT and control groups. Pearson's correlations revealed that only hypermethylation in -90-bp position showed significant correlation with fasn expression. These results, together with those obtained when the effects of obesogenic diet were analyzed, reinforce the relevance of methylation in -90-bp position in the control of fasn expression by the diet.
Taken as a whole, the results obtained in the present study demonstrate that the up-regulation of fasn gene induced by an obesogenic feeding based on a high-fat, high-sucrose diet is related to hypomethylation of this gene in position -90 bp. Under our experimental conditions, both resveratrol and pterostilbene prevent fasn up-regulation, but this change in gene expression seems to be mediated by changes in methylation status only in the case of pterostilbene.
